The gastrulation of Nematostella vectensis, the starlet sea anemone, is morphologically simple yet involves 25 many conserved cell behaviors such as apical constriction, invagination, bottle cell formation, cell migration 26 and zippering found during gastrulation in a wide range of more morphologically complex animals.
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The gastrulation of Nematostella vectensis, the starlet sea anemone, is morphologically simple yet involves 25 many conserved cell behaviors such as apical constriction, invagination, bottle cell formation, cell migration 26 and zippering found during gastrulation in a wide range of more morphologically complex animals.
27 In this article we study Nematostella gastrulation using a combination of morphometrics and computational 28 modeling. Through this analysis we frame gastrulation as a non-trivial problem, in which two distinct cell 29 domains must change shape to match each other geometrically, while maintaining the integrity of the 30 embryo. Using a detailed cell-based model capable of representing arbitrary cell-shapes such as bottle cells, as 31 well as filopodia, localized adhesion and constriction, we are able to simulate gastrulation and associate 32 emergent macroscopic changes in embryo shape to individual cell behaviors. 33 We have developed a number of testable hypotheses based on the model. First, we hypothesize that the 34 blastomeres need to be stiffer at their apical ends, relative to the rest of the cell perimeter, in order to be able 35 to hold their wedge shape and the dimensions of the blastula, regardless of whether the blastula is sealed or 36 leaky. We also postulate that bottle cells are a consequence of cell strain and low cell-cell adhesion, and can be
Introduction
46
Nematostella vectensis, the starlet sea anemone, is a member of the phylum Cnidaria, which are basal metazoans (jellyfish, sea anemones, resembling filopodia, appear to draw the basal surfaces of the ectoderm 78 and endoderm together by a "zippering" process, resulting in a bi-79 layered early gastrula ( Fig. 2D-F (Keller et al., 2003) . Invagination is found in many 85 cnidarians (Byrum and Martindale, 2004; Marlow and Martindale, 86 2007), the sea urchin (primary invagination: Davidson et al., 1995) , 87 the fruit fly (ventral furrow formation: Martin et al., 2008) as well as 88 in many other systems (reviewed in Keller et al., 2003) . Bottle cells are 89 found in many systems, for example in Xenopus (Hardin and Keller, 90 1988) and the sea urchin (Kimberly and Hardin, 1998) . The zippering 91 process is a feature of epithelial cell adhesion in mammalian cells 92 (Vasioukhin et al., 2000) , D. melanogaster dorsal closure (Jacinto et al., 93 2000), epithelial wound healing (Martin and Parkhurst, 2004) and 94 optic cup formation (Chauhan et al., 2009 ).
95
In this article, we attempt to associate transformations of the An "atlas" of the gastrulating Nematostella embryo. Nematostella's primary axis lies between the oral (= animal) and aboral (=vegetal) poles. The endoderm is centered on the oral pole and consists of approximately 1/4 of the total perimeter of the blastula. The remaining cells compose the ectoderm. The "lateral" direction is defined to be perpendicular to the oral/aboral axis pointing away from the center of the embryo. Fig. 2 . Nematostella vectensis gastrulation. Embryos stained with phalloidin, which marks F-actin and reveals the cytoskeleton of each cell. Images are single optical slices obtained with a scanning confocal microscope. Embryos are oriented such that the oral-aboral axis is vertical with the oral pole at the bottom. Tile height is 250 μm, unless otherwise specified. Legend: (bc) blastocoel; (*) blastopore and oral pole; (···) endo/ectoderm boundary; (en) endoderm; (ec) ectoderm; (fi) filopodia. (A) Just before gastrulation begins the embryo is a spherical coeloblastula. (B) Gastrulation begins with down-regulation of adhesion and apical constriction in the endoderm (C) Apical constriction is followed by invagination and bottle cell formation (D-F) Using filopodia, the endoderm and ectoderm zip up forming a two layer gastrula with a characteristic "mushroom shape" in which the archenteron is laterally stretched. as individuals, have become increasingly popular as a means to model 100 biological systems with greater detail (Davidson et al., 2010 The dynamics of the model are driven by simple Newtonian mechanics Springs. Each edge of every cell is loaded with a spring that controls its 207 length by exerting a restorative force proportional to the strain:
where k is the spring stiffness, l is the edge length and l 0 is the spring's 
213
Every vertex is connected to each of its two neighbors by a spring
214
( Fig. 3B-C) . These springs have different parameters depending on 215 whether they are in the apical or basal portion of the cell boundary. Cytosol. We assume that the cytoplasm is also linearly elastic, so that 
237 238
The area of a cell is given by the standard formula for the area of a 239 polygon: The cell cortex is modeled as a set springs connected in series. All cells are joined apically by a very stiff spring (red spring) and the endodermal cells have a highly contractile apical belt (thick spring). The outer apical springs are stiffer than the rest to provide mechanical support to the blastula (medium springs). (E) Contact between cells is modeled as an elastic force between edges and vertices. The red edge is attracting a blue vertex to its surface through adhesion (red arrows); whereas the blue edge is repulsing a slightly overlapping red vertex (blue arrows). (F) Filopodia form stochastically between uncovered vertices of the endoderm and ectoderm. Each filopodium exerts a constant attractive force for a fixed period of time. The area energy is translated into vertex forces by taking the 243 gradient of the energy at each vertex:
Contact. Contact forces are defined between edge-vertex pairs. The are adherent. The repulsion/adhesion force intensity is given by:
252 253 where:
254
• d is the length of the displacement vector between the edge and the
vertex
256
• h = 0.75 is the capsule diameter
257
• a + h = 1.25 is the diameter of the capsule's adhesive area
258
• α = 2 is the adhesion strength and
259
• R = 10 is the repulsion strength.
260
The direction of the force is along the direction of the displacement 261 vector, which is the shortest vector connecting the edge to the vertex.
262
The displacement vector d between an edge e = r j − r i , and a vertex r k 263 is given by:
264 265 where:
266
•ê = e = ‖e‖ is the normalized edge vector and
is the normalized projection of the vertex onto the edge. sum of all forces is also zero: within the measurement error of the ectoderm volume (Fig. 4C ). respectively, and eventually equalize as the two surfaces come into 333 apposition.
334
Apical constriction induces a sharp increase in the thickness
335
(apico-basal dimension) of the endoderm, which then either passively 336 relaxes or actively contracts to less than its initial thickness by the end 337 of zippering (Fig. 4F) . As it thins, the endoderm also increases its 338 breadth two-fold ( Fig. 4G ) and increases its volume by about 75%
339
( Fig. 4C ).
340
In contrast to the endoderm, no significant changes in volume or 341 breadth were detected for the ectoderm (Fig. 4C, G cell's target area is set to its initial area and the area stiffness is set such 362 that the cell area varies less than 5%. One must then define the target 363 spring lengths (l 0 ) and stiffness parameters (k), which we also refer to as 364 the contractility of the cell. As a base value, we set all k = 1. A trivial 365 solution for equilibrium would then be to set the spring rest lengths to 366 their initial length l 0 = L 0 . As the target cell area is also equal to each 367 cell's initial area, the system would be in equilibrium as there would be 368 no strain. However, cells are contractile (Lecuit and Lenne, 2007) and 369 tend to round up when suspended (Garnett, 1980) . To simulate this 
374
In the context of the Nematostella blastula and its wedge shaped 375 cells, contractility produces radial forces along the lateral perimeter of 376 the cells, and also circumferential forces along their apical perimeter.
377
The contractile radial forces tend to thin the cell layer, which, will be too weak to cancel the expansive radial force (Fig. 5A-B ). An 386 additional radial force resisting embryo expansion must be supplied. (Fig. 2X ). This mesh could also passively 396 resist the expansion of the embryo due to cellular contractility.
397
Another important factor to consider is the blastocoel. It is unclear
398
whether it is sealed off from the environment, or whether fluid may 399 flow freely in and out. Sea urchin embryos, for example, lose less than 400 2% of their volume when compressed (Davidson et al., 1999 by internal hydrostatic pressure.
406
We have experimented with all three hypotheses and found that embryos, we find that the k ap ≥ 5, otherwise the squeezing apical belts 418 make the apical surfaces bulge. expands, becoming irregularly shaped instead (Fig. 5C ).
426
We conclude that in order for the Nematostella blastula to be in 427 mechanical equilibrium the cells' apical ends must be stiffer than the 428 rest of the cell in order to resist the contractility forces parallel to the 429 cell-cell interface, which will tend to expand the blastoderm surface 430 area. This is consistent with findings in the sea urchin embryo, where 431 the apical ECM was found to be responsible for the bulk of the 432 embryo's stiffness (Davidson et al., 1999) . Surprisingly, the sea urchin 433 embryo shrinks, rather than expands, when the ECM is disrupted,
434
although the reason for this is unknown. tions and apical constriction (Fig. 2B-C) .
451
We found that bottle cell formation is a function of three parameters:
452 the strain factor, cell-cell adhesion and contractility. By reducing the 453 cortical strain factor we find that the bottle cells bulge less (Fig. 6B ) and
454
if we also increase cell-cell adhesion and/or decrease contractility the 455 cells remain columnar (Fig. 6C ). Therefore we find that cell contractility 456 drives bottle cell formation, whereas cell-cell adhesion acts as an 457 impediment to this process.
458
We hypothesize that an epithelium will spontaneously reorganize The initial geometry of the embryo. We want to choose the mechanical parameters such that the embryo is initially in equilibrium.
(B) Assuming homogenous intra-cellular contractility results in the embryo expanding its diameter, as the radial contractile force is only weakly resisted by the circumferential contractile force. (C) Assuming the blastocoel is sealed puts pressure on the embryo to keep its dimensions. This equilibrium is unstable, however, and soon the embryo loses its shape as its surface area increases. (D) Setting the cell apices to be 10× more contractile than their baso-lateral sides is sufficient for the embryo to maintain its dimensions and implicitly conserves embryo volume. (Fig. 7A-B) .
476
We observe that constriction makes the apical ends of the cells bulge 477 slightly, but the bulk of the cell cytoplasm is forced towards the basal end.
478
The cells cannot expand laterally due to the neighboring ectoderm, so the As the endoderm invaginates, the basal endoderm and ectoderm
487
surfaces are placed at a less obtuse angle (Fig. 7C) . This brings the 488 opposing basal endoderm and ectoderm vertices into range, allowing 489 filopodia to attach, which in turn draw the two layers closer (Fig. 7C-E is formed in which the basal endoderm and ectoderm fit together
499
( Fig. 7F) with the characteristic laterally stretched archenteron.
500
We determine the quality of a gastrulation simulation using the 501 following measures:
502
( 1) only tangentially contact the ectoderm at the poles (Fig. 8E) .
528
(b) The model gastrulates for a wide range of apical constriction 529 parameters, but a minimum amount is still required to produce 530 an invagination that is deep enough for zippering to initiate and 531 allow the endoderm and ectoderm to be brought together
532
( Fig. 8F-J) . (Fig. 8K-O) .
537
Based on these results, we suggest that filopodia, apical constric- which pushes their neighbors' apico-lateral sides. Any cell that is 548 caught between two such squatting cells is effectively "pinched"
549
causing it to expand basally and bulge over its squatting neighbors.
550
From this perspective, we find that bottle cells are likely a natural 551 consequence of the mechanics of the system and a specific regulatory that they increase apico-basal contractility.
568
In terms of direct genetic regulation, we propose that the 569 necessary ingredients for bottle cell formation are: (a) strong apico-570 basal contractility (in response to apico-basal strain, for example) and
571
(b) reduced cell-cell adhesion. Additionally, the cells must also be 572 laterally constrained. Hardin and Keller (1988) observed that the 573 stiffness of neighboring tissue contributes to bottle cell formation.
574
Following their experiments, if we simulate an explant of the blastula Our view is that there may be a "continuum" of epithelial (Table 1 ). In the first row, the filopodial force (F) is successively reduced resulting in zippering failures; A corresponds to the default parameter value. In the second row apical constriction (p) is successively reduced; G corresponds to the default parameter value. In the third row endodermal cell-cell adhesion (α en-en ) is successively increased; K corresponds to the default parameter value.
Drosophila ventral furrow formation, we would expect the domain to 614 go from perfectly columnar to a bottle cell configuration. Fig. 3 ). In the embryos measured, we found that the thickness of the 633 endoderm increased sharply at the onset of gastrulation, followed by a 634 gradually thinning, whereas the ectoderm appears to thin somewhat 635 followed by a gradual increase in thickness. This is observed during 636 simulations as well. The sharp increase in the endoderm thickness can 637 be attributed to apical constriction, which forces the cells to elongate.
638
The cells gradually retract to their normal height as tension is released 639 during invagination. As they do so, they also expand laterally and to the oral pole of the embryo and thinner at the aboral pole (Fig. 4F) .
652
This may in part be explained by artifacts related to 2D modeling (see In the model, the ectoderm thins due to cell contractility and is later 
